Pure serum amyloid P component (SAP) and native long chromatin, mixed together at wt/wt ratios between 1 :1 and 1 :2 in the presence of physiological concentrations of NaCl and calcium, both remained in solution, whereas each alone precipitates rapidly under these conditions. This solubilization accompanies the binding of SAP to chromatin and the displacement of HI-type histones, which are essential for condensation and higher order folding ofchromatin . Such binding of SAP to chromatin is remarkable since displacement of H1 and H5 by salt alone requires -0.5 M NaCl. SAP also bound to nucleosome core particles forming soluble complexes with an apparent stoichiometry of 1 :2, a result that is compatible with attachment of SAP at the nucleosome dyad, the site ofHl in intact chromatin . SAP thus undergoes a specific, avid interaction with chromatin that promotes its solubilization and may thereby contribute to the physiological handling of chromatin released from cells in vivo. In contrast, C-reactive protein (CRP) did not bind significantly to either chromatin or to core particles at physiological ionic strength . Incubation of chromatin with either normal serum, or acute phase human serum containing raised levels of CRP, did not induce complement activation regardless of the presence of added SAP or CRP, nor was any cleavage of DNA observed.
Summary
Pure serum amyloid P component (SAP) and native long chromatin, mixed together at wt/wt ratios between 1 :1 and 1 :2 in the presence of physiological concentrations of NaCl and calcium, both remained in solution, whereas each alone precipitates rapidly under these conditions. This solubilization accompanies the binding of SAP to chromatin and the displacement of HI-type histones, which are essential for condensation and higher order folding ofchromatin . Such binding of SAP to chromatin is remarkable since displacement of H1 and H5 by salt alone requires -0.5 M NaCl. SAP also bound to nucleosome core particles forming soluble complexes with an apparent stoichiometry of 1 :2, a result that is compatible with attachment of SAP at the nucleosome dyad, the site ofHl in intact chromatin . SAP thus undergoes a specific, avid interaction with chromatin that promotes its solubilization and may thereby contribute to the physiological handling of chromatin released from cells in vivo. In contrast, C-reactive protein (CRP) did not bind significantly to either chromatin or to core particles at physiological ionic strength . Incubation of chromatin with either normal serum, or acute phase human serum containing raised levels of CRP, did not induce complement activation regardless of the presence of added SAP or CRP, nor was any cleavage of DNA observed.
T he pentraxins, C-reactive protein (CRP)t and serum amyloid P component (SAP) in man, are a stably conserved family ofplasma proteins (1, 2) . No deficiency or polymorphism of either CRP or SAP has yet been reported in man, suggesting that they have important physiological functions that are probably related to their capacity for calciumdependent binding to particular specific ligands (1) .
It has been reported that CRP binds to chromatin, then activates complement, leading to solubilization of the chromatin (3, 4) , and that it may thus participate in scavenging chromatin from dead cells. However, we have found that in buffers of physiological ionic strength, human CRP does not bind significantly to chromatin or DNA (5) . In contrast, SAP is the single protein in whole normal or acute phase human serum that undergoes calcium-dependent binding to DNA, and it also binds specifically to chromatin and nucleosome core particles in vitro (5) . Furthermore, we have demonstrated SAP deposition in vivo on extracellular accumulations ofchromatin in the skin lesions of certain patients with SLE (6) .
Throughout this paper we use Hl to include Hl-related histones, i.e., Hl subtypes and H5, which occur in avian erythrocyte chromatin . ' Abbreviations used in this paper. AU, absorbance units ; CoF, cobra factor; CPS, pneumococcal somatic C-polysaccharide ; CRP, C-reactive protein ; SAP, serum amyloid P component .
In man, therefore, SAP, rather than CRP, may participate in vivo in the handling of chromatin released into the extracellular environment .
We now report that the binding of purified SAP to native long chromatin selectively displaces histone H1 and, at the same time, makes such chromatin soluble in buffered saline at physiological strength, in which it would otherwise precipitate completely.
Materials and Methods
Pentraxins. Human SAP and CRP (>99% pure) were isolated and assayed as previously described (7, 8) . They were stored frozen at -70°C in solution in, respectively, 10 mM Tris, 140 mM NaCl, 10 mM EDTA, 0.1% (wt/vol) NaN3, pH 8.0 (TE buffer) ; and 10 mM Tris, 140 mM NaCl, 2 MM CaCIZ, 0.1% (wt/vol) NaN 3, pH 8.0 (TC buffer) . SAP was dialyzed into 10 mM Tris, 140 mM NaCl, pH 8.0 (TN buffer), before use. All experiments with CRP and long chromatin were also repeated with CRP freshly isolated from acute phase serum within 24 h of venesection and used within 24 h.
Chromatin, Core Particles, and DNA. Native long chromatin, Hl-stripped chromatin, nucleosome core particles, and free DNA were from chicken erythrocytes (9, 10) and were in solution in 0.1 mM EDTA. AW at 1 mg/ml was taken as 10 absorbance units (AU) for chromatin or cores and 20 AU for DNA.
PAGE. Reduced denatured protein samples and standards of chromatin and SAP were run in 4-30% gradient gels (Pharmacia Ltd., Milton Keynes, England), or in homogeneous 18% gels (11) , and relative band densities were quantitatively scanned (12, 13) .
Sucrose Density Gradient Ultracentrifugation. Linear sucrose gradients (10-40% or 10-30% [wt/volt) were prepared by direct mixing and centrifuged at 5°C in a rotor (SW40; Beckman Instruments, Inc., Palo Alto, CA) at 37,000 rev/min for 16 h (for nucleosome cores) or 30,000 rev/min for 2.5 h (for long chromatin) . Gradients were harvested in 1-ml fractions through a UV monitor. For binding of SAP to nucleosome cores, materials were dialyzed into TN buffer and mixed before addition of CaCl2 to a final concentration of 2 mM and fractionation in TC buffer. Long chromatin (containing histories H1 and H5) precipitates at high ionic strengths and could not be dialyzed into TN buffer. Instead, chromatin and SAP were dialyzed into 10 mm Tris/Cl, 0.125 mM PMSF, 0.5 mM benzamidine, pH 8.0, before mixing, and further additions were then made before fractionation. Cores or chromatin were quantitated by Am or by estimation of histones in SDS-PAGE ; SAP was estimated by SDS-PAGE and electroimmunoassay (7) .
Complement Studies. Native long chromatin, HI-stripped chromatin, and free DNA, containing 50 Ag DNA in each case, were incubated at 37°C for 5-60 min with 25-250 ug CRP or SAP in the presence of fresh normal serum at a final concentration of 1 :2, 1:3, or 1:20, and 2 mM C2C12 and MgC12. Long chromatin, 10-100 Fog, was also incubated with freshly taken acute phase serum from 11 individuals containing CRP at 12-128 mg/liter. Complement activation was sought by hemolytic complement assay and crossed immunoelectrophoresis (14) for C3 . DNA cleavage was sought by electrophoresis in 2% agarose gels of DNA extracted (15) from the incubation mixtures. Positive controls for complement activation were incubation of serum with 5 ug pneumococcal C-polysaccharide (CPS) (16) in the presence of CRP, or with 15 Ag cobra venom factor (Naja naja) (CoF) (17) , and for DNA cleavage, incubation with micrococcal nuclease. Activation of complement by SAP alone was assessed by adding 50-1,000,ug/ml SAP to NHS and incubating at 37°C for 60 min. After centrifugation, C3 conversion in the supernatant and the quantity of SAP in each supernatant and pellet were measured.
Results
Solubilization of Native Long Chromatin by SAP. Native long chromatin is soluble only at extremely low ionic strength and in the absence of divalent cations (18) . Purified, isolated human SAP also rapidly aggregates and precipitates in the presence of free calcium, as we have reported previously (19) . However, remarkably, in mixtures of SAP with native long chromatin in a final solvent containing 150 mM NaCl, 10 mM Tris, and 2 mM CaC12, pH 8.0, both SAP and chromatin remained in solution (Fig . 1 , Table 1 ) . With different chromatin preparations, optimum mutual solubilization occurred at SAP to chromatin wt/wt ratios of between 1 :1 and 1 :2 . With higher SAP/chromatin ratios, increasing amounts of SAP precipitated, as did some of the chromatin, although much more SAP remained in solution than in the absence of chromatin. In other experiments, not shown here, native chromatin that had been precipitated by addition of 150 mM NaCl and 2 mM NaC12 was resolubilized by subsequent addition of SAP. When SAP was added either to chromatin stripped of H1 or to free DNA, both of which are them- Figure 1 . Reduced SDS 4-30% gradient PAGE of the sedimented precipitates after incubation of CRP (lanes 2-5) and SAP (lanes 6-9) with native long chromatin (lanes 2 and 6), HI-stripped chromatin (lanes 3 and 7), free native DNA (lanes 4 and 8), and TC buffer alone (lanes 5 and 9) . Native long chromatin alone was run in lane 10, showing the normal full complement of histones, and marker proteins of known M in lane 1 . In the presence of CRP (lane 2), the native long chromatin precipitated together with a trace amount of CRP (arrow). In the presence of SAP (lane 6), there was almost no precipitation of native long chromatin and only trace precipitation of SAP, compared with the massive precipitation of SAP alone (lane 9; and Table 1 ) . Stripped chromatin (lane 7) and free DNA (lane 8) also kept almost all the SAP in solution (Table 1) . Table 1 . Binding oj SAP to Chromatin and DNA 20-1t1 volumes of ligands containing 50 wg of DNA in 0.1 mM EDTA were mixed with 20-,ul volumes of CRP or SAP containing 50 Wg of protein in TN buffer . TC buffer, 360 Al, was added to each tube, the contents were mixed, left at 20°C for 10 min, then centrifuged at 10,000 g for 5 min . The residual CRP or SAP in the supernatant is shown above. Comparable results were obtained in 10 other experiments, although the relative quantities of SAP and chromatin required for optimal mutual solubilization varied with different chromatin preparations .
selves soluble in TC, the SAP also remained in solution (Fig .  1, Table 1 ) .
In contrast, CRP had no effect on precipitation of native chromatin, and only minimal depletion of CRP from the supernatant was demonstrable ( 20-,ul volumes of cores at 1 mg DNA per ml and of CRP at 1 mg/ml were mixed together in Tris-NaCl-calcium buffer with a final concentration of either 154 or 42 mM, and then centrifuged . The supernatants and pellets were assayed for CRP and for core histones . In control tubes without CRP, there was no precipitation of cores .
of CRP with chromatin ( Fig. 1) is compatible with some binding of CRP to histones (20) .
CRP Binds to Nucleosome Core Particles Only at Low Ionic Strength. Although CRP and nucleosome core particles coprecipitated almost completely at 42-mM ionic strength, no significant interaction was seen at physiological ionic strength, 154 mM (Table 2) . Binding ofSAP to Nucleosome Core Particles. Sedimentation of core particles in sucrose gradients at physiological ionic strength was not significantly altered by the addition of CaC12 to 2 mM, while SAP, as expected, precipitated under these conditions. Cores alone sedimented as a single, approximately symmetric peak, S2o,w -11S, by analytical ultracentrifugation. Addition of increasing amounts of SAP caused a more rapidly sedimenting "shoulder" to appear until, with an equal weight of SAP to nucleosome cores, a single faster sedimenting, approximately symmetric, peak was observed with tailing towards the core position (Fig. 2) .
The formation ofa complex that apparently sediments with a unique sedimentation coefficient suggests that there is stoichiometric binding ofSAP to nucleosome cores. Despite scatter in the data, due to the inherently rather imprecise determination of the core concentration, the amount of SAP appeared to saturate around a value of -0.6 mol SAP/mol core (Fig. 3) , i.e., with approximately two cores bound to each decameric SAP molecule .
The nucleosome core has a dyad symmetry axis that passes between the two superhelical turns of DNA wound around the octamer of "core histones" (21) . If the decamer of SAP (1) is composed of two layers offive subunits, bound to each other back-to-back, i.e., with dyad symmetry between subunits in the two layers, this result could occur by the binding of nucleosome cores around the "disk-like" SAP molecule with their dyads aligned with dyads of the SAP molecules between the two rings, and exclusion of binding to neighboring sites due to steric hindrance from the large cores.
We have attempted to visualize directly in the electron microscope the appearance of such SAP-core particle complexes in fractions from the sucrose density gradients . However, even after fixation with glutaraldehyde before centrifugation, the complexes seen have included a range ofratios. The stoichiometry observed may thus represent an equilibrium rather than a fixed ratio of cores to SAP molecules . in the absence of sucrose (Table 1 ) . Binding to chromatin was confirmed by demonstration of SAP in the chromatin peak . However, although the core histones, H2A, H2B, H3, and H4, were all present in this peak in ratios comparable with those seen in control chromatin not exposed to SAP, the Hl-type histones were absent (Fig. 4 A) .
This result is fully compatible with the finding that condensation of chromatin into its higher order structure, the 30-nm fiber, requires the presence of H1 (18) , with loss of even <5% of the original Hl leading to a failure to fold normally (10) . Formation of the 30-nm fiber precedes a further folding, and, before the highest level of folding is completed, precipitation occurs (22) . Substitution of SAP for H5 and Hl in erythrocyte long chromatin would therefore be predicted to prevent this folding and condensation of the chromatin and its subsequent precipitation, as indeed we observed .
Binding of SAP to chromatin displacing H5 and Hl is remarkable since their displacement by salt alone requires ti0 .5 M NaCl . The stability of SAP binding could reflect the multimeric nature of SAP, interacting with many repeated sites within long chromatin . Our result of around two nucleosome core particles binding per SAP molecule is fully compatible with this suggestion . The displacement of H1-type histones upon binding of SAP to long chromatin also indicates that this binding is probably occurring at that side of the nucleosome cores where the Hl is usually bound, i .e., the side where the DNA enters and leaves the core.
In a control experiment, SAP was mixed with long chromatin in the absence of CaC12 and, since no binding of SAP was expected under these conditions, no NaCl was added, since it would have precipitated the chromatin . Surprisingly, however, SAP became bound to the chromatin and displaced H5 and Hl in the usual way (Fig. 4 B) . Furthermore, the same result was seen in the presence of 0.1 mM EDTA. Thus, unlike the binding of SAP to free DNA and nucleosome core particles (5) , and indeed all other known binding reactions of SAP (1, 23) , the binding of SAP to long chromatin can take place independently of the availability of free calcium ions, at least at low ionic strength (10 mM Tris/HCl), and is still strong enough to displace Hl and H5. While clearly not of physiological relevance, this observation indicates that charge interactions are important in SAP-chromatin binding .
Pentraxins, Chromatin, and Complement. Mixtures of CRP or SAP with chromatin or DNA did not activate complement significantly, nor did chromatin in fresh complementsufficient acute phase serum containing its own CRP, in contrast to marked C3 cleavage induced by CPS in the presence of CRP. There was also no cleavage of DNA in any mixture, even when complement had been maximally activated by CoF.
In control experiments, CRP alone did not activate complement . However, supraphysiological amounts of SAP alone produced dose-dependent C3 conversion related to the concentration-dependent and calcium-dependent aggregation of SAP itself. C3 activation occurred only when there was >200,ug/ml of aggregated SAP. Chromatin or DNA inhibited this complement activation, presumably because binding of SAP to the ligands inhibited its self-aggregation (Table 1) .
Discussion
We show here that soluble SAP binds nucleosome core particles with an apparent ratio of about two cores per decameric SAP molecule . Further work is required to establish whether this is genuine stoichiometry and, if so, whether it reflects binding of SAP to a particular site on the core or nonspecific steric effects. Intriguingly, residues 123-132 in both SAP and CRP are highly homologous with sequences in histones H1/H5 and H4, which may be a motif specifically recognizing the narrow minor groove of DNA at the nucleosome dyad (24) . The crystallographic structure ofhuman SAP (25) should provide more direct information on this point .
Although binding of SAP to cores is of interest in molecular terms, the interaction with native long chromatin is more likely to be of physiological relevance. SAP selectively displaces Hl-type histones and prevents or reverses the precipitation of long chromatin that takes place at physiological ionic strength. Since a NaCl concentration >0.5 M is required to displace H1-type histones, the avidity of SAP for chromatin must be great. Binding of SAP, with its dramatic secondary consequence ofsolubilization, is thus likely to occur in vivo in physiological and pathophysiological micro-environments in which nuclei and/or chromatin fragments are released from, for example, maturing erythroblasts or dead cells. Experiments are in progress to elucidate the biological consequences of this phenomenon.
Our failure to find binding of CRP to chromatin and core particles may reflect, in part, the use ofdifferent ligands. The original work of Robey et al. (3) used rabbit CRP and chromatin preparations, the protein constituents of which were critical for binding. CRP in physiological solvent conditions can bind to histones, immobilized by adherence to membranes or plastic surfaces (20) , but the conformation of histones in such situations is unlikely to be the same as their native conformation in chromatin. However, more recently, CRP has been found to bind, not to chromatin, but specifically to the U1 small nuclear ribonudeoprotein (26) . In testing for binding of CRP to core particles, Robey et al. (3) used a preparation that precipitated at 150-mM ionic strength, and its interaction with CRP was therefore tested by them in 30 mM saline (3) . These are nonphysiological conditions in which, as we show here, human CRP coprecipitates even with bona fide core preparations that are, of course, completely soluble in isotonic saline. More extensive studies with rabbit CRP and comparable core particle preparations have shown calciumdependent coprecipitation at NaCl concentrations <85 mM, but no precipitation of either component in solutions containing >85 mM NaCl (R. Buck, J. O. Thomas, R. Thompson, personal communication) .
We also did not observe any complement activation by mixtures of human CRP with chromatin or DNA, or by chromatin in whole fresh acute phase sera containing both complement and autologous CRP, in contrast to the marked complement consumption induced by CRP with its classical ligand, pneumococcal CPS (1) . When crude nuclear fractions or whole nuclei were used, minor complement activation was seen in some experiments (data not shown), suggesting that the findings of Robey et al. (4) may have been due to the presence of other nuclear materials, such as phospholipids or the U1 ribonucleoprotein, to which CRP does bind (1, 26) , or to other differences from thepresent chromatin preparations.
We report here for the first time the marked complement activation that is induced by addition of supraphysiological amounts ofSAP to serum. This was associated with calciumdependent aggregation of the SAP and was thus inhibited by chromatin or DNA . Neither the mechanism of complement activation nor the biological relevance, if any, of this phenomenon are yet known.
